Recently, Weber et al. published a thorough investigation of the age-dependency of oxidative stress (OS) determined by the steady state concentrations of different compounds -oxidation products and antioxidants -that are in common use as biomarkers of OS in 2207 healthy individuals of the cross-sectional MARK-AGE Project. The correlations among biomarkers were significant but weak. These findings may indicate different manifestations of OS and must further be evaluated. Here, we report a refined analysis of OS based on the abovementioned original data. We show that malondialdehyde (MDA) appears to be sensitive to both gender and age. It is significantly lower and shows a greater age-dependence in women than in men. The age-dependency of MDA in women arises in a stepwise fashion. The age-dependent slope of the steady state concentration is maximal at the age between 50 and 55 years, indicating that it may be attributed to the change of metabolism in the postmenopause. Interestingly, total glutathione (GSH) decreased with age simultaneously with the increase in MDA.
Introduction
Human desire to live forever in good health drew tremendous interest in Harman's free radical theory of aging [1] and later on in the age-dependency of "oxidative stress" (OS), a term introduced originally to describe the concept that excess of pro-oxidative compounds over antioxidants is associated with many diseases [2, 3] . Accordingly, a common approach is to evaluate OS and treat people under high OS with antioxidants [4] [5] [6] . Only recently, the physiological importance of the normal redox state and the complex mechanisms of its control have been appreciated [7] . Unfortunately, measured OS values for the same biomarkers determined by different analysis methods are not similar [8] . Quantitation in terms of a universal criterion therefore seems impossible and categorizing people as being under "OS" is problematic, being dependent not only on the method of its evaluation.
The most commonly used biomarkers for OS are lipid peroxidation products, particularly hydroperoxides and aldehydes. Steady state concentrations of low molecular weight antioxidants are difficult to interpret in terms of OS, whereas the activity of antioxidative enzymes is more reliable and being used more frequently [9] . The steady state redox status of a person, as evaluated based on concentrations of one of the many different biomarkers, may reflect different manifestations of the well-defined factor OS. However, under such conditions, we would expect that the results obtained by different biomarkers correlate with each other. We therefore proposed that the lack of such correlations probably reflects the existence of different types of OS that differ either in their mechanisms or in their induction [8, 10] . Given the very large number of reactive (oxygen) species (ROS) and the huge differences in their reactivity towards different targets [11, 12] , the concentration of a single biomarker alone cannot be used to evaluate the overall capacity of an individual to resist oxidative damage [10] .
This communication presents refined analyses of the recent investigation on the age-dependency of OS in a large cohort of middleaged subjects enrolled in the cross-sectional MARK-AGE Project. This consortium, funded by the European Commission, already yielded better understanding of OS, based on different biomarkers measured in one large age-stratified cohort [13] [14] [15] [16] [17] [18] [19] [20] [21] .
Relating to the age-dependency of OS, the authors determined the steady state concentrations of various compounds, oxidation products and antioxidants that are often used as biomarkers of OS. Most biomarkers correlated significantly (p < 0.05) with almost all other biomarkers but the correlations were rather weak (r < 0.3) [10] .
Our working hypothesis was that there is a gender-specific age-dependency of OS biomarkers and, that this heterogeneity is at least partially caused by the different types of OS (i.e. sources, targets, reactivity, and stability). Accordingly, we analyzed the steady state concentrations of redox biomarkers as functions of age for both men and women, separately.
Methods
This work described has been carried out in accordance with Declaration of Helsinki. Informed consent was obtained for experimentation with human subjects. The study was approved by the respective ethics committee of each recruiting center (for details see Refs. [14, 16] ). The MARK-AGE Project included 2207 participants recruited from the general population in an age-and gender-stratified manner. In these analyses we included a total of 1139 women and 1068 men between the ages of 35-75 years. Participants were from Germany, Belgium, Poland, Greece, Austria, Italy and Finland. Steady state concentrations of the various biomarkers have been determined and published by Weber et al. [13] . Details on analytical methods and sample preparation have been described elsewhere [13, 20] .
The 10 biomarkers described in this study were cysteine (μM) and total glutathione (GSH, μM) measured in whole blood, ascorbic acid (mg/l), lycopene (μM), β-carotene (μM), α-tocopherol (μM), uric acid (UA, mg/l), MDA (μM), protein carbonyls (PC, nmol/mg) and 3-nitrotyrosine (3NT, pmol/mg) all analyzed in plasma. Since the biomarkers were not normally distributed, they were transformed as follows to achieve normal distribution for all statistical analyses: squareroot for cysteine, GSH, ascorbic acid, lycopene, uric acid, MDA and NT; logarithmic for β-carotene and α-tocopherol and inverse for PC.
Demographic characteristics (Table 1) were described using geometric means and 95% confidence intervals for continuous variables (age (years)), body mass index (BMI (kg/m 2 )) and frequencies (%) for categorical variables (gender, current smoker (yes/no)). Dietary information consisted of self-reported frequencies (food frequency questionnaire (FFQ)) for food items (fruit, vegetables, French fries, and meat): ≥2/day, 1/day, 4-6/week, 1-3/week, 1-3/month, and never.
Mean biomarker concentrations and age-dependencies were (Table 2) were assessed in linear regression analyses with biomarker concentrations as dependent variables (Model 1) and age and gender as independent variables (enter mode) showing the regression coefficient β for gender (age-adjusted), and age (gender-adjusted). In a second, multiple-factor adjusted model (Model 2) age, gender, BMI, current smoking status, self-reported frequency of consumption of fruit, vegetables, French fries and meat were applied as independent variables, again showing the regression coefficient β for gender and age separately.
Gender-specific relationships of age with biomarker concentrations were assessed by linear regression models for men and women separately (Table 3 ). Model 1 shows regression coefficient β for age in the unadjusted models and Model 2 shows regression coefficient β for age in the models adjusted for BMI, current smoking status, self-reported frequency of consumption of fruit, vegetables, French fries and meat.
To better visualize age-dependencies of selected biomarkers in women and men, biomarker concentrations were plotted against age ( Fig. 1 ) and 5-year age groups (Figs. 2 and 3). Slope m of the agedependencies was extracted from these plots using the linear equation (y = mx + b). Non-linear fitting of data to sigmoidal function was applied in figures.
The significance level was set at p < 0.05 for all analyses. Data was analyzed using Origin (OriginLab Corp., Northampton, Massachusetts, USA), JMP (SAS Institute, Cary, North Carolina, USA), Microsoft Excel (Microsoft Corp., Redmond, Washington, USA), and SPSS (SPSS Inc., Chicago, IL, USA; Version 20) software.
Results
The mean concentrations of OS biomarkers are differently associated with gender and age. Mean concentrations of the ten studied biomarkers in women and men and their gender-related differences are shown in Table 1 . Table 2 shows age and gender as predictors for biomarker concentrations and Table 3 shows gender-specific associations of age with biomarker concentrations. MDA is lower in women than in men (Table 1) , but the MDA concentration in women, not in men, is significantly associated with age (Table 2) . MDA is lower in women than in men (Table 1) , shows significant associations with gender and age ( Table 2 ), but only the MDA concentration in women, not in men, is significantly associated with age (Table 3) . Hence, the age-dependency of MDA, depends on gender and the effect of gender on OS depends on age. Fig. 1 depicts the concentration of MDA as a function of age for men and for women. The MDA concentration in men appears to be independent of age ( Fig. 1) . In contrast, the MDA concentration of women increases at the age of around 50 years ( Figs. 1 and 2) . Notably, the average MDA concentration in women aged 50-75 years remains significantly lower than that observed in men of the same age (p < 0.001, not shown). The stepwise increase of MDA in women is more visible when averaging its concentrations to 5-year groups (Fig. 2) . Non-linear fitting of data to a sigmoidal curve allows for a more accurate evaluation of the age of transition (i.e. age, at which the slope of MDA is highest) as 53 ± 2 years.
Notably, the concentrations of the other two classical redox biomarkers, PC and NT, were similar in men and women and both appear to be independent of age and gender (Tables 1-3 ). There were no qualitative differences (i.e. the direction of the biomarker's association with age) in antioxidants' age-dependencies between men and women except for GSH and UA (Table 3) .
Total GSH was independent of age in men, whereas in women it was inversely associated with age, and this appeared simultaneously with the increase of MDA (Table 3 and Fig. 2 ). This inverse association of GSH with age in women was also sigmoidal, with a transition age at 56 ± 5 years. Notably, GSH, just like MDA, was higher in men than in women and independent of age in men (Tables 1-3) .
The steady state concentration of UA in women of age 35-50 years does not change significantly, whereas in women older than 50 years, the UA concentration increases with age, similar to MDA (Fig. 3) . Unlike MDA, which reaches apparently constant levels after the age of about 55 years, UA continues to increase. Moreover, the slope is an increasing function of age. The age-independent average concentration of UA is higher in men than in women (Fig. 3) . The concentration of the water-soluble ascorbic acid is independent of age in both men and women (Table 3 ) and is higher in women than in men (Table 1) . Cysteine concentration in women as well as β of women is higher than those in men (Table 1 and Table 3 ).
The three lipophilic dietary antioxidants also vary considerably concerning the direction of their correlation with age. α-Tocopherol is higher in women than in men (Table 1) is significantly associated with gender and age ( Table 2) . β-Carotene is significantly higher in women (Table 1) , is also associated with gender and age ( Table 2) . By contrast, lycopene is lower in women, but shows similar relationships with age in men and women.
Discussion
The MARK-AGE Project yielded a large base of knowledge. Thorough analyses of the available data will likely further deepen our 
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understanding of the redox status in the plasma. The present study is a step in this direction. It yields information on three issues: (i) the concentrations of most of commonly used biomarkers are significantly different in men and women, (ii) age is associated with changes of the different biomarkers, and (iii) different biomarkers are likely to reflect different physiological and pathological processes linked to OS, in agreement with the hypothesized existence of different types of OS. One possibility is that different biomarkers reflect different, thus far unidentified, types of OS, and that MDA and GSH reflect the same type of OS, whereas PC and NT are markers of another type (or types) of OS. The antioxidants also exhibited different gender-and age-dependencies. Again, it appears that different biomarkers reflect different types of OS.
Different types of OS
In their textbook "Free Radicals in Biology and Medicine" [3] Halliwell & Gutteridge proposed that chemistries of different reactive oxygen species (ROS) entities are distinct. This means that OS can be divided into sub-groups of different ROS. However, classification of OS may also be based on other factors including mechanistic aspects, sources, targets, reactivity, sites of occurrence.
In a study of biomarkers to assess OS in hemodialysis patients in comparison to healthy people [22] , the authors concluded that the variability of results obtained using different assays "should be taken into account when interpreting data from clinical studies of OS", in agreement with the hypothesis of different types of OS [8] . This is "especially (true) in complex pathologies" [22] , which can be attributed to the association of different types of OS to different pathologies. In another study, the same authors showed that the inter-assay correlations between different antioxidant assays were difficult to interpret, since some assays showed nice correlation while others showed no correlation [23] . In addition, antioxidant status did not correlate with OS biomarkers just as the total oxidant status did not correlate with reactive oxygen metabolites (ROM). Perhaps a combination of different biomarkers would yield more results but only when they are not representing different types of OS.
In addition to the problems arising from different types of OS, there are influencing factors such as smoking [24] , weight changes [25] or other characteristics [26, 27] indicating different sensitivity towards different types of OS. We and others [24] agree that a gold standard method is required to evaluate OS biomarker result in human studies. However, no such biomarker of OS is available or likely to become available before we identify the various subgroups. The role of nonradical reactions in different peroxidation reactions can neither be ignored nor directly measured, particularly when free radicals and nonradical oxidants are present in the medium, as in biologic systems. Nonetheless, distinction between radical and non-radical mechanisms of injury is possible, and based on their results, Liang et al. suggested that application of their approach could "enhance understanding of the contribution of the various subgroups to the overall redox state" [28] .
Biomarkers and OS
In theory, OS biomarkers may reflect different manifestations of one general factor, i.e. OS. Alternatively, the different biomarkers reflect different types of OS, which are thus far unidentified. Regardless of the identification of types of OS, MDA and GSH reflect the same type of OS, whereas the PC and NT may be markers of another type (or types) of OS. We believe that the different biomarkers reflect different sources, targets, and reactivity of OS in agreement with the idea that different types of OS exist [8, 28, 29] . Depending on the biomarker, a comparison of biomarker concentrations between men and women shows higher (cysteine, ascorbic acid, β-carotene, α-tocopherol), lower (total GSH, lycopene, UA, MDA) or similar values (PC and NT) in women (Table 1) . Similarly, aging may be associated either with increase or decrease or no change of OS.
The gender-and age-related levels of MDA are sufficiently different to conclude that the steady state concentration of MDA is the most sensitive marker of the type of OS in the participants studied. This is consistent with the capability to use MDA levels to differentiate between different health-states, e.g. smokers and non-smokers [24] . The other studied oxidation products that serve as biomarkers (PC, NT) may be indicators of another type of OS. In other words, the different biomarkers may yield divergent results, as suggested by Dotan et al. [8] and as demonstrated by our previous report of only a small overlap of subjects under OS according to different biomarkers [10] .
The impact of estrogen on human antioxidative capacity is not fully understood, it is clear that estrogens upregulate mitochondrial antioxidant defense and that the gender differences can be abolished by ovariectomy and restored by estrogen replacement therapy after ovariectomy [30] [31] [32] . The steady state concentrations of the studied antioxidants reflect this complex nature [33] . Specifically, several antioxidants correlate negatively with MDA, as expected for antioxidants, but others correlate positively, which may have different reasons. This issue deserves more attention.
Uric acid
UA (urate in body pH), which is an end product of purine catabolism in humans but not in lower animals, mice and rats [34] , is a major contributor to the antioxidative capacity of plasma. Hence, as hypothesized earlier, gender differences in measurements of antioxidant capacity such as FRAP (fluorescence recovery after photo bleaching) are mostly due to higher UA levels in men [35] . The association between UA steady state concentration and several diseases is still "incompletely understood", as described by Ndrepepa et al. for cardiovascular diseases [36] . Yet, in their meta-analysis the latter authors concluded that "elevated levels of UA are an independent predictor of 1-year mortality across the whole spectrum of patients with acute coronary syndromes treated with percutaneous coronary intervention". Furthermore, a meta-analysis of prospective studies revealed that the baseline level of serum UA is an independent predictor for future cardiovascular and overall mortality in men, but not in women [37] . Whether low UA levels are predictors of mortality is still inconclusive. Yang et al. claimed that there is no statistically significant gender difference in the relationship between the level of UA and the subsequent risk of mortality [38] .
In a recent publication, Lamacchia et al. investigated the association between high UA and the increased mortality risk in mice with Type 2 Diabetes mellitus (T2DM) and found a J-shaped relationship between UA levels and mortality rate [39] . Their conclusion is that UA was not linearly associated with the all-cause mortality rate in patients with T2DM. The results of the present study accord with the conclusion that "well-designed prospective studies are needed to evaluate gender-specific relation between UA level and cardiovascular and all-cause mortality risk" [38] .
OS and gender
Life expectancy of women is significantly higher than that of men. To assess the possible association between the difference in life expectancy and the difference in OS, our refined analysis of the previously published results from the MARK-AGE Project for each of many biomarkers, yielded clear answers regarding the gender-and age-dependencies. However, different biomarkers yielded different answers, in agreement with our earlier studies [8, 10] . The steady state concentrations of MDA and GSH are independent of age in men (Table 1) . In contrast, in women the concentrations of both MDA and GSH depend on age in a complex fashion, as depicted in Fig. 2 . In our opinion the age-dependency of the levels of biomarkers in women (only) is due to menopause. Menopause is associated with substantial biochemical alterations, including a significant decline in plasma concentrations of sex hormones, and an increase in the concentrations of gonadotrophins and other hormones [40] . Estrogen has antioxidant effects at high concentrations by inhibiting DNA oxidation but at low concentrations it acts like a pro-oxidant due to its catechol structure [41] . This supports the hypothesis that menopause is regarded as risk factor for OS [42, 43] .
OS and aging
Aging is associated with changes in different biomarkers of (per) oxidation. Data on enhanced OS and aging have been documented [44] . There are numerous publications describing associations between OS and aging in different cellular models and animal tissues. For humans the situation looks different especially since the human aging process is influenced by extrinsic factors such as diet, lifestyle factors, diseases, medication etc. and therefore cannot be considered without taking different these aspects into account. Therefore, literature is not unambiguous, in addition longitudinal data is missing.
We observed that the slopes of the age-dependencies are different for different biomarkers. Specifically, in men, only the levels of cysteine, α-tocopherol and lycopene change significantly upon aging. Notably, the concentration of the latter antioxidant (lycopene) is inversely associated with age, whereas the concentrations of both, cysteine and α-tocopherol are positively associated with age.
The age-dependent OS, as estimated based on the levels of both MDA and GSH (Fig. 2) , may become higher because of the decrease in estrogens. In our study, unlike previous reports [42, 43] , the MDA concentration of 66 women that were treated with hormone replacement therapy did not differ significantly from the MDA level in controls (not shown). This result may be understood based on the complex redox activity of estrogens. At high concentrations, estrogens are antioxidative, whereas at low concentrations they act like a pro-oxidant [41] . Whether or not this explains the increased susceptibility to metabolic diseases has yet to be evaluated.
Different types of OS, if characterized may differ in their interactions with different antioxidants, which would lead to improvements in the treatment of OS. In addition, different types of OS may be involved in different diseases.
In conclusion, OS is still an ill-defined and misused term, being dependent on the source, target, reactivity, stability and method used to evaluate it, the sample type used and participants' characteristics e.g. gender and age. Thus, using the steady state concentration of MDA as a biomarker, the average OS is higher and relatively independent of age in men but not in women. By contrast, if the steady state concentration of PC reflects OS, the OS "values" are independent of gender and aging. We still do not know what the differences are between the alleged OS types, but we believe that further analyses of the large data base, formed by the MARK-AGE Project data, is likely to further deepen our understanding of the redox status in the plasma.
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